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In this work, we establish a connection between nonlinear electronic spectroscopy and the protocol
for the non-disturbance condition, the non-fullfilment of which is a witness of nonclassicality and
can be related to the presence of coherence. Our approach permits us to express the nonclassicality
witness condition in terms of common observables in the context of electronic spectroscopy experi-
ments, such as the induced polarization. In this way, we provide the theoretical framework allowing
one to infer nonclassicality from the detected signals in these experiments.
I. INTRODUCTION
Nonlinear spectroscopy techniques such as two-
dimensional electronic spectroscopy are well-established
both from a theoretical and experimental viewpoint [1].
Among its most noteworthy applications, one could men-
tion its usefulness to reveal electronic couplings and en-
ergy transfer pathways in complex molecular aggregates
[2]. Consequently, these experimental techniques assume
a prominent role in the development of the field of quan-
tum biology [3]. Within this field, a considerable amount
of investigation has been undertaken in view of deter-
mining whether nonclassical features such as quantum
coherence may contribute to optimizing the energy trans-
fer within multichromophoric systems. A paradigmatic
example is the so-called Fenna-Matthew-Olson (FMO)
complex present in green sulfur bacteria [4–7]. The ap-
proaches usually rely on particular theoretical models or
are focused on the oscillations of the cross peaks in the
2D electronic spectroscopy signals as a signature of non-
classicality. Nonetheless, alternative ways of witnessing
nonclassical effects within these systems, in particular the
ones which do not specify a particular model, may permit
us to have a clearer and more comprehensive picture of
the different aspects of nonclassicality in molecular sys-
tems. As a result, we could push the boundaries of the
field of quantum biology a little step further.
Classical physics assumes measurement noninvasive-
ness, which is to say that, in principle, one can perform
measurements on classical systems with arbitrarily small
disturbance on their dynamics. Conversely, one aspect
of the nonclassicality of physical systems is invasiveness,
meaning that measurements on these systems may af-
fect their subsequent evolution in such a way that the
statistics of later measurements performed on the same
system cannot be explained by classical theory. Mea-
surement noninvasiveness can be ruled out through the
violation of an inequality proposed by Leggett and Garg
in 1985 [8, 9]. Specifically, the Leggett-Garg inequality
(LGI) consists of a sum of two-time temporal quantum
correlations between the results of dichotomic measure-
ments performed on a single physical system as it evolves
in time. Originally, the LGI derivation was based on an
assumption called “macrorealism per se” as well, in addi-
tion to non-invasive measurability. By macrorealism per
se one means the intuition that macroscopic objects –
here taken as objects obeying classical laws – must be in
a definite state at all instants of time, i.e. superpositions
are not allowed. The two aforementioned assumptions
are the content of the original definition of macrorealism
by Leggett and Garg.
Many recent works have further developed and dis-
cussed Leggett and Garg original proposition, as well as
the meaning of the violation of the inequality [10–18]. Al-
ternative definitions and witnesses to macrorealism have
also been proposed in relation with the Leggett-Garg sce-
nario. For instance, the definition of the no-signaling in
time (NSIT) condition [10] puts forward the macrorealist
assumption related to the null effect that the measure-
ment process is expected to have on a physical system,
i.e. measurement noninvasiveness. In this context, mea-
surement invasiveness can be defined as the nonclassical
effect of measurements on the statistics of another ob-
servable measured later. Similar conditions to the NSIT
have been used in Ref. [13] to derive the LGI, allowing
one to conclude that measurement noninvasiveness can
always be dismissed by the LGI violation.
By considering the definition of the non-disturbance
condition [18–20], we explore here the extended concept
of noninvasiveness of an operation, where the concept of
measurement noninvasiveness is generalized to the notion
of noninvasiveness of a general quantum channel [21, 22].
Invasiveness of an operation is aimed to detect nonclassi-
cal effects on the statistics of an observable measured at
a later time, in the same spirit as the NSIT and Leggett-
Garg scenarios [18]. Within this framework, we propose
a protocol for testing the non-disturbance condition in
the context of electronic spectroscopy experiments, which
could be employed with the purpose of witnessing non-
classicality in a vast range of systems wherein electronic
spectroscopy is a tremendously useful tool.
II. NONLINEAR RESPONSE
In typical two-dimensional electronic spectroscopy ex-
periments, three laser pulses, labelled as pulse 1, 2 and 3,
interact with the sample as sketched in Fig. 1. The quan-
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FIG. 1: (Color online) Scheme of a 2D electronic spectroscopy
experiment. The laser pulses 1, 2, and 3 are labeled according
to the order they are applied. The center of the pulses reach
the sample at t = 0, t = t′1, and t = t
′
2, respectively. The
time intervals between the interactions are t′1 − 0 = t1 and
t′2 − t′1 = t2, respectively. The time interval between the
detection of the signal field by the spectrometer at time t and
pulse 3 is t3: t− t′2 = t3.
tum mechanical description of the experiment considers
a time-dependent Hamiltonian, which can be expressed
as
H(t) = H0 +H
′(t), (1)
where H0 is time-independent and concerns the molecu-
lar system only, while H ′(t) is time-dependent and rep-
resents the action of the pulses. Before the application
of the first pulse, the system is found to be in an equilib-
rium state ρ0 i.e., a convex combination of the eigenstates
of H0. By denoting the electric field at time t by E(t),
H ′(t) is given by H ′(t) = µ·E(t), where µ is the molecule
dipole operator. Quite important now is the fact that
usually the sample-pulse interaction is weak enough to
permit the safe use of perturbation theory [1]. Within
this approach, the following physical picture emerges.
When the first pulse reaches the sample, at time t = 0,
it potentially takes the system out of equilibrium, and
coherence can be generated. Then, the system contin-
ues to undergo a free evolution governed by the Hamil-
tonian H0 from t = 0 to t
′
1, when the second pulse is
applied. Once again the molecular system is let to evolve
freely, until the last interaction takes place at t′2. The
sample-emitted electric field ES is detected at time t.
More precisely, what is detected is the intensity of the
signal IS which is proportional to the electric field mod-
ulus squared IS ∝ |ES |2. The source of such emitted field
is the induced third-order nonlinear polarization P (3)(t)
resulting from the application of the three pulses. A sim-
ple textbook calculation leads to [1]
P (3)(t) =
∫ ∞
0
dt3
∫ ∞
0
dt2
∫ ∞
0
dt1E(t− t3)
× E(t− t3 − t2)E(t− t3 − t2 − t1)S(3)(t3, t2, t1), (2)
where S(3)(t1, t2, t3) is the third-order response func-
tion which reads S(3)(t1, t2, t3) = 〈µ(t3 + t2 + t1)[µ(t2 +
t1), [µ(0), ρ(0)]]〉, with µ(t) = U†0 (t)µU0(t). Here, t′1−0 =
t1 is the time elapsed between the first and second pulses,
t′2 − t′1 = t2, the same for second and third pulses, and
t − t′2 = t3, the time elapsed between the last pulse the
signal detection. After the rotating wave approximation
and Fourier decomposition of the third-order nonlinear
polarization as
P (3)(t) =
∑
s
P (3)s (t)e
iks·r−iωst, (3)
where ks = ±k1 ± k2 ± k3 and ωs = ±ω1 ± ω2 ± ω3,
the choice of one particular Fourier component in (3)
(phase matching) leads to IS(t) ∝ |P (3)s (t)|2. By fulfilling
a phase matching condition, we have that |P (3)(t)| =
|P (3)s (t)|. Therefore, the signal is directly linked to an
observable in the sense of quantum mechanics, IS(t) ∝
|P (3)(t)|2 [23]. Finally, we remark that the use of narrow
pulses or the semi-impulsive limit approximation leads to
IS(t) ∝ |S(t, t1, t2)|2. All these derivations are detailed
in [1].
III. GENERALIZED QUANTUM INVASIVENESS
As previously discussed, it is always possible to per-
form measurements on classical systems with arbitrarily
small disturbance on their evolutions. In turn, quantum
mechanics allows disturbances on a physical system’s evo-
lution which cannot be minimized or gotten rid of clas-
sically. Leggett and Garg acknowledged this sort of non-
classical disturbance with regards to the effect of mea-
surements on the evolution of quantum systems [8]. More
generally, the effect of a general operation on the evolu-
tion of the system provide yet another route to witness
nonclassicality as the quantum invasiveness of that oper-
ation [18, 21, 22]. As we will see in detail, the quantum
invasiveness of an operation can be unveiled by looking
at the measurement statistics of an observable Q subse-
quently measured and can be related to the presence of
coherence in a certain basis.
Let us consider the scheme proposed in Ref. [18] and
sketched in Fig. 2. This scheme will be presented for a
two-level system but it can be easily extended for higher
dimensions – we will do this later in the context of the
connection with spectroscopy. The kets {|e〉, |g〉} are the
eigenstates of a chosen observable O, not necessarily the
measurement observable Q. They are referred to as clas-
sical states in the sense that they are associated with
definite values of that observable and therefore can be
given a classical ontological interpretation. In this sense,
convex combinations of these eigenstates are also classi-
cal states. In Fig. 2, we illustrate the preparation of the
state ρ as a result of an arbitrary state ρ0 subject to a
3transformation represented by the box labeled as U1. For
example, if U1 is a unitary, then ρ = U1ρ0U
†
1 . This rep-
resentation, which explicitly includes this first transfor-
mation, will be convenient for addressing the connection
with spectroscopy experiments later.
Now, the operation O is performed at t1, and the sys-
tem undergoes a second transformation represented by
the box labelled as U2. Finally, the observable Q is mea-
sured. By repeating the experiment many times, one is
able to obtain the expected value 〈Q〉′ρ (the ′ indicates
the presence of the operation O). In the lower part of
the figure, the experiment is now performed without the
operation O. In this case, the expected value is denoted
by 〈Q〉ρ. One then defines the following quantity
dρ ≡ 〈Q〉′ρ − 〈Q〉ρ . (4)
The evaluation of this quantity will also be carried out
in the so called control experiments [18] depicted in Fig.
3 and defined as those which have as inputs the clas-
sical states defined as the eigenstates of O, i.e. either
ρ = |g〉〈g| or ρ = |e〉〈e|. In this way, one can define
classical disturbances through dg = 〈Q〉′g − 〈Q〉g and
de = 〈Q〉′e−〈Q〉e. Nonclassical behaviour is then spotted
if the following inequality is violated
min(dg, de) ≤ dρ ≤ max(dg, de). (5)
Naturally, the violation of (5) can be related to the pres-
ence of coherence in the basis formed by the eigenstates
of O, as any convex combination of these eigenstates sat-
isfy inequality (5) [18]. These auxiliary experiments serve
for one fundamental purpose: it fixes the classical range
for dρ in the main experiment. This classical range can
be enlarged due to the presence of classical disturbances
which includes, for example, environmental noise and im-
precisions in the application of the operation O.
O U2
hQi⇢
hQi0⇢U1
U2U1
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FIG. 2: Scheme of the main experiment: in the upper part,
a system initially in the state ρ0 is subjected to the transfor-
mation U1 at t = 0 leading to state ρ. Then, an operation O
is applied at t′1. Finally, the measurement of the observable
Q is performed at t′2. The same realization is considered in
the lower part of the figure, except for the fact that O is not
carried out at t′1.
It is important to note that nothing that has been said
so far relies on the nature of operation O at t′1. Actu-
ally, O can be a measurement operator, a unitary opera-
tion or even a general quantum channel [21, 22]. To see
this, consider O as an arbitrary quantum operation. One
can therefore expect that, in general, (4) will be trivially
different from zero. Nonetheless, the realization of the
control experiments takes the eigenstates of O as inputs,
as shown in Fig. 3, which belongs to the set of classical
states. As we have seen above, the set of classical states
includes the convex combinations of these eigenstates. In
turn, the control experiments will take into account the
classical scenarios for |g〉 and |e〉 by determining the val-
ues dg and de. Then, by convexity, for any ρ belonging
to the set of convex combinations of these eigenstates,
prepared as a result of the first operation U1 in main the
experiment (Fig. 2), inequality (5) will be satisfied.
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FIG. 3: Scheme of the control experiment: in the upper part,
the classical states |g〉 and |e〉 prepared at t = 0 are subjected
to the operation O at t′1. The measurement of the observable
Q is performed at t′2. The same realization is considered in
the lower part of the figure, except for the fact that O is not
carried out at t′1
Note that performing the control experiments with the
classical states |g〉 and |e〉 as inputs is not the only way
to determine dg and de. Alternatively, one may carry out
this experiment with some classical state ρC as input, an
equilibrium Gibbs state, for instance, where
ρC = pg|g〉〈g|+ pe|e〉〈e|, (6)
and pg + pe = 1. For this state as input, we have
dρC = pgdg + pede. Given that pg, pe are known and by
experimentally determining dρC1 and dρC2 with ρ
C
1 6= ρC2 ,
dg and de can be evaluated.
IV. NONCLASSICALITY IN SPECTROSCOPY
EXPERIMENTS
We now establish a connection between disturbance
and nonlinear electronic spectroscopy experiments. As
discussed above, the interactions between the system and
the laser pulses will be treated within the framework of
the standard perturbative approach, which is the theo-
retical framework used to analyze these experiments [1].
4The connection will be established by identifying observ-
ables which are commonly measured in spectroscopy ex-
periments and that can be considered as the measure-
ment observable Q in the nonclassicality test explained
in the previous section. This represents a clear advan-
tage from the point of view of the experimental viabil-
ity. Before going into the details, it is important to re-
mark that there are alternative theoretical descriptions
for electronic spectroscopy that could have been consid-
ered [24, 25], and this can be investigated elsewhere.
We take U1, O, and U2 depicted in Fig. 2 as the three
laser pulses in the spectroscopy experiment depicted in
Fig. 1. The first laser may drive the system out of
equilibrium and produce the state ρ depicted in Fig. 2.
As the classical states, we will be considering the eigen-
states of the multichromophoric system Hamiltonian, i.e.,
O = H0, with |g〉 being the ground state and |i〉, with
i = 1, 2 . . . , n, the excited states (exciton states). This
choice will allow us to spot the presence of quantum co-
herence in the exciton basis, a topic of much interest to
the quantum biology community [4–6].
Consider first the top part of Fig. 2 of the main exper-
iment. By starting with the state ρ0, typically a Gibbs
state, ρ is prepared as the result of the first laser pulse U1.
The system then evolves freely under H0 until the second
pulse O is applied. Once again, free evolution takes place
until the interaction with the last pulse U2. The inten-
sity of the emitted signal, I ′S(t), which is given in terms
of the third-order polarization P (3)(t), is measured by a
spectrometer at time t. Consider now the lower part of
Fig. 2, where the second laser pulse represented by O is
not applied. Only two interactions with the light pulses,
U1 and U2, take place. As a result, the intensity IS(t) is
given in terms of the second-order polarization, P (2)(t).
Hence, Eq. (4) can be expressed in terms of the induced
polarizations as
dρ = I
′
S(t)− IS(t) = |P (3)(t)|2 − |P (2)(t)|2. (7)
If semi-impulsive limit is considered, one can instead
define a related quantity dSρ = |S(3)(t, t1, t2)|2 −
|S(2)(t, t1, t2)|2.
We should also take into consideration the control ex-
periments shown in Fig. 3. A total of n + 1 control
experiments should be carried out, each of them corre-
sponding to one of the eigenstates of H0 as input, or
different equilibrium states as explained before. As one
can see, in the upper part of Fig. 3, given one of the
aforementioned eigenstates as input, only O and U2 are
applied. In the lower part, in turn, only U2 is carried
out for the same eigenstate as input. As a result, we ob-
tain dg = |P (2)g (t)|2 − |P (1)g (t)|2 for the ground state and
di = |P (2)i (t)|2 − |P (1)i (t)|2 for the excited states. Conse-
quently, the invasiveness witness of Eq. (5) now reads
min
i
{dg, di} ≤ dρ ≤ max
i
{dg, di}. (8)
Therefore, we have found a sound connection between
disturbance and electronic spectroscopy experiments,
since dρ is given in terms of the polarization, an ob-
servable which is commonplace in the context of these
experiments.
As an illustrative example, let us consider an electron-
ically coupled dimer with the Hamiltonian (h¯ = 1) [26]
H0 = ωAa
†
AaA + ωBa
†
BaB + J(a
†
AaB + a
†
BaA), (9)
where a†i and ai are, respectively, creation and annihi-
lation operators for electronic excitations at the chro-
mophore i ∈ {A,B}, ωA and ωB are the first and second
site energies, and J is the coupling between the chro-
mophores. By defining the parameters ω = (ωA+ωB)/2,
∆ = (ωA − ωB)/2, and θ = arctan(J/∆)/2, one can
diagonalize the dimer Hamiltonian with the help of the
transformed operators aα = cos θaA + sin θaB , and aβ =
− sin θaA+cos θaB [25, 26]. In this way, the Hamiltonian
(9) becomes
H0 = h¯ωα|α〉〈α|+ h¯ωβ |β〉〈β|+ h¯ωf |f〉〈f |, (10)
with the eigenvalues ωα = ω+∆ sec 2θ, ωβ = ω−∆ sec 2θ,
and ωf = ωa + ωb. Without any loss of generality, the
ground state |g〉 is associated with the eigenvalue ωg = 0.
In (10), we also have |α〉 = a†α|g〉 and |β〉 = a†β |g〉 as single
exciton states and |f〉 = a†αa†β |g〉 the two-exciton state.
The energy eigenstates of the system, {|g〉, |α〉, |β〉, |f〉},
constitute the exciton basis and are the classical states
in our protocol to witness nonclassicality.
By assuming inversion symmetry, the even-order non-
linear polarizations must vanish [27]. Hence, dρ =
|P (3)(t)|2 and, for the control experiments, dj =
−|P (1)j (t)|2 with j = g, α, β, f . The maximum value dj
can assume is, therefore, dj = 0. In this case, according
to inequality (8), quantum invasiveness would in princi-
ple be witnessed whenever
|P (3)(t)| 6= 0. (11)
Therefore, for the particular case where P (2)(t) = 0,
|P (3)(t)| 6= 0 implies nonclassicality. Moreover, if the
semi-impulsive limit applies, (11) can be written as
S(3)(t, t1, t2) 6= 0. In this example, one can see that
the whole protocol, including both the main and con-
trol experiments, were reduced to one single condition:
|P (3)(t)| 6= 0. Note, however, that this condition as-
sumes the absence of underlying experimental errors as-
sociated with the particular experimental arrangement.
Nonetheless, the control experiments have the purpose
to address the clumsiness loophole [28] as well. In our
context, the clumsiness loophole means the possibility of
explaining the violation of inequality (8) classically. It
can be viewed, therefore, as a result of errors and classi-
cal disturbance. As mentioned above, it can be addressed
by considering classical scenarios, which are a subclass of
5the more general class of scenarios represented in Fig. 2
[18, 21, 22]. Classical scenarios correspond to the exper-
iments which have a classical state as input, the classical
states being defined as the eigenstates of the observable
O, as well as convex mixtures of these eigenstates – ex-
amples of such classical scenarios are the control exper-
iments shown in Fig. 3. However, as discussed before,
these control experiments can be carried out by using,
for example, equilibrium Gibbs states as inputs to deter-
mine dg and the di’s. Through many realizations of the
control experiments, one is able to statistically detect er-
rors and possible classical disturbances associated with
the particular experimental arrangements by evaluating
dg and the di’s. Then, we see that our protocol provides
a way to block the clumsiness loophole since it allows one
to statistically detect classical disturbances, reflecting on
the bounds of inequality (8). We stress that such er-
rors, including not exactly vanishing two-order nonlinear
polarizations and different noise mechanisms associated
with the particular experimental setup, can only be de-
tected when the experiment is ultimately performed. In-
equality (8) will be used to take them into account even
when dg = di = 0 is obtained theoretically, as it is the
case for the result expressed in (11). As a result, by min-
imizing experimental errors and noise, one increases the
possibility of witnessing nonclassicality.
For completeness, let us explicitly include some noise
to the electronic dimer, what will undoubtedly make the
example a bit more realistic. However, we will still keep
only electronic states in the system description as vibra-
tional or vibronic effects would render this first discussion
unnecessary more involved. This does not mean that vi-
brational degrees of freedom are not present. They are
exactly the source of the environmental noise we are go-
ing to discuss below. What we will not do here is to
consider dimers or other molecular structures where the
coupling to vibration is so intense that this degree of free-
dom must be included in the system Hamiltonian. We
are considering them as part of the bath or environment
for the electronic part. An import source of noise is de-
phasing. This causes the coherences to progressively van-
ish while keeping the populations unchanged. Physically,
the vibration and rotation of the molecule will cause lo-
cal changes in the charge distribution over the molecule.
As a result, the local frequencies ωA and ωB of the dimer
will be stochastically changed by the incoherent thermal
motion of external degrees of freedom. Typically, this is
described by augmenting Hamiltonian in Eq. (10) with
terms concerning a bosonic bath and its coupling to the
dimer [31]. By assuming a weak coupling to the bath,
what is consistent with the fact that the vibrational de-
grees of freedom are not explicitly considered as part of
the dimer, one can deduce a master equation for the sys-
tem density matrix σ(t) in between the pulses [1, 31]
σ˙νν′ = − i
h¯
(ν − ν′)σνν′ − Γνν′σνν′ , (12)
with ν, ν′ = g, α, β, f and ν , ν′ the eigenvalues associ-
ated with the eigenstates |ν〉 in the exciton representa-
tion. Also, Γνν′ contains the relaxation rates. For sim-
plicity, we take all the relaxation rates to be the same,
Γνν′ = Γ and assume the semi-impulsive limit.
Let us now consider how dephasing affects the result
presented before. Clearly, in between the application of
the pulses, the diagonal elements of the system density
matrix die out according to (12). This affects the mea-
sured signal through S(3)(t, t1, t2) ∝ e−Γt [1, 29]. The
practical consequence for the protocol presented here is
precisely what has been discussed before as the role of
generic errors. As the third-order response function will
decay exponentially and tend to zero, this implies that
(11) becomes less likely to be verified as time increases.
Therefore, we see that the presence of noise in the Lind-
blad form decreases the value of dρ. As a conclusion, it
affects even more the possibility of witnessing nonclassi-
cality in the presence of experimental errors or impreci-
sions, i.e. when condition (11) will not be valid anymore.
Instead, inequality (8) which eventually takes classical
disturbances and environmental noise into account in its
bounds, which should be ultimatelly determined through
the control experiments, must be violated.
V. FINAL CONSIDERATIONS
Violations of the LGI for the multichromophoric sys-
tems were found theoretically in Ref. [30], where projec-
tive measurements in the site-basis were employed. How-
ever, as pointed out by the authors, such measurements
are not realistic when it comes to experimental imple-
mentations. Our proposal aims to bridge this gap by
linking nonclassicality tests to experimental techniques in
a direct and fundamental way. By nonclassicality, in the
scope of our work, we mean the nonclassical effect of an
operation on the statistics of an observable subsequently
measured. This can be associated both with coherence
in the basis of an observable and the lack of an onto-
logical interpretation of the measurement results given
the deviation from convex sums of classical results, i.e.,
state superposition. Additionally, given that our work
investigate quantum invasiveness in driven systems [32],
it deals with setups which are not conventionally con-
sidered in Leggett-Garg scenarios. At the same time, by
proposing sound protocols which employ well-established
experimental techniques such as electronic spectroscopy,
we expect that the present work will pave the way for
new and exciting experimental investigations in quan-
tum biology and quantum technologies that rely on time-
dependent Hamiltonians.
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